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This report to the Science Advisory Board was prepared under the
direction of the Technological Committee. The statements and views
presented in this report are those from Mr. Earl’s review and do not
necessarily represent the views or policies of the lntemational Joint
Commission, its Science Advisory Board or its committees.
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the
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o r
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y o
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s o
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d b
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y p
oor
ly
und
ers
too
d.
On
ly
a s
mal
l f
rac
tio
n o
f t
he
tot
al
is c
om
pr
is
ed
at
the
wel
l c
har
act
eri
zed
chl
oro
-al
kan
e,
l
 
 arom
atic
and
phen
olic
chem
ical
s, w
hic
h te
nd t
o ap
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fate
. I
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that
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"pri
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y po
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ants
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evi
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that
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gra
m-f
or-
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m,
mu
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les
s
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mfu
l,
but
qua
nti
tat
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inf
orm
ati
on
is
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kin
g.
It
sho
uld
be
app
rec
iat
ed,
ther
efor
e,
that
reg
ulat
ion
s w
hic
h r
edu
ce
0C
dis
cha
rge
s f
rom
say
7.0
"to
1.5
kg
orga
nica
lly-
boun
d ch
lori
ne p
er t
onne
of a
ir-d
ried
pulp
are
bein
g de
velo
ped
in t
he a
bsen
ce
of
rel
iab
le
inf
orm
ati
on
on
the
ben
eﬁt
s t
o b
e g
ain
ed
fr
om
the
eli
min
ati
on
of
the
se
4.5
kg.
The Technological Committee does not advocate a delay in promulgating such regulations.
bec
aus
e l
ess
0C
dis
cha
rge
s a
re
cert
ainl
y b
ette
r t
han
mor
e 0
C d
isc
har
ges
. F
urth
er,
subs
tant
ial
redu
ctio
n ca
n ap
pare
ntly
be
mad
e w
ith
littl
e ec
ono
mic
pena
lty,
espe
cial
ly b
y ch
lori
ne d
ioxi
de
subs
titu
tion
and
mor
e s
elec
tive
use
of
chl
ori
ne
as
an
oxid
ant
.
But
it w
ill
bec
ome
inc
rea
sin
gly
dif
ﬁcul
t t
o p
rom
ote
furt
her
red
uct
ion
s i
n th
e a
bse
nce
of
reli
able
inf
orm
ati
on
on
the
nat
ure
and
effects of these OC chemicals.
Mr.
Ear
l a
lso
sho
ws
that
imp
rov
ed
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atm
ent
of
efﬂ
uen
ts
can
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lt
in
OC
dis
cha
rge
red
uct
ion
.
In
our
jud
gem
ent
,
a c
omp
ell
ing
cas
e c
an
be
ma
de
for
bri
ngi
ng
all
pul
p a
nd
pap
er
ope
rat
ion
s i
n th
e G
rea
t L
ake
s b
asi
n u
p t
o a
simi
lar
sta
nda
rd
of
was
tew
ate
r b
iol
ogi
cal
tre
atm
ent
with
adeq
uate
wast
ewat
er r
eten
tion
to r
educ
e s
hock
load
s.
It i
s pr
obab
le
that
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sure
of t
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ents
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l c
omm
uni
ty
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robi
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reat
ment
cond
itio
ns w
ill
resu
lt i
n
subs
tant
ial
toxi
c ch
emic
al r
emov
al b
y ab
sorp
tion
and
meta
boli
sm,
thus
redu
cing
efﬂu
ent
toxi
city
and the potential for bioaccumulation.
Two
key
issu
es w
hic
h ar
e no
t ad
equa
tely
addr
esse
d in
the
repo
rt (
beca
use
they
wer
e n
ot
reque
sted)
are
the
effec
ts o
f in
creas
ed p
aper
recyc
ling
and
the
natur
e of
futur
e co
nsum
er
demands. Only last year did the potential of recycling become fully appreciated.
The
publi
c has
resp
onde
d ent
husia
stica
lly t
o req
uests
for p
aper
recyc
ling,
so m
uch
so th
at th
e
infra
struc
ture
for
recyc
ling
has
been
over
load
ed.
Muc
h pa
per
whic
h co
uld
be r
ecyc
led
is
landfi
lled.
All t
he im
plicat
ions
of re
cyclin
g are
not y
et cle
ar. F
or ex
ample
, the
re ma
y be
a
substa
ntial
increa
se in
demm
d for
recyc
led p
aper
by an
envir
onmen
tally
consc
ious p
ublic.
Much
of th
e de
mand
for h
ighly
bleac
hed p
aper
arises
from
the p
reval
ence
of gl
ossy,
colorf
ul,
adver
tisem
ent m
ateria
l. It
is con
ceiva
ble t
hat a
more
envir
onmen
tally
consc
ious
public
will b
e
"turn
ed off
" by
such
materi
al an
d will
delibe
rately
seek p
roduct
s, pa
cking
and l
iterat
ure wh
ich i
s
"off w
hite."
Certai
nly,
there
is lit
tle ne
ed fo
r hig
hly b
leach
ed to
ilet p
aper!
The
absen
ce of
chlori
ne co
mpoun
ds fr
om bl
eachi
ng is
alread
y bei
ng us
ed to
promo
te sa
les of
certai
n pro
ducts,
such
as di
apers.
Perha
ps we
are en
tering
a new
era o
f con
sumer
ism,
which
will
chang
e the
character of the industry and thus its efﬂuents.
Finally, the Committee notes that several inadequacies in scientific and technical knowledge
exist; they must be addressed to ensure effective and equitable efﬂuent control in the future.
There is concern that very little work is currently underway in these areas. Priority topics include:
1. Improved characterization of OC chemicals in efﬂuents and assessment of their properties,
environmental fate, toxicity, persistence and bioaccumulation potential
2. Improved analytical techniques for general and speciﬁc parametersespecially relating to
organochlorines
3. Improved understanding of the effectiveness of aerobic and anerobic treatment technologies
4. Improved sludge disposal methods
5. Continued efforts to encourage the industry to modify processes to reduce OC formation
  
In summary, while the Committee ﬁnds the present need for efﬂuent reduction is clear, it is
also evident that further research and investigation to characterize the nature and quantify the
toxicity and persistence of OC chemicals, which are discharged by the industry into the Great
Lakes Basin Ecosystem, is essential. Through this information, logical control programs can be
developed and implemented. Only by taking steps to allocate sufﬁcient resources to furthering the
relevant science and technology can this question be resolved. We urge the IJC and the Parties to
promote such action immediately.
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SUMMARY
A literature review is presented of current and emerging technology for the reduction of
chlorinated organic matter in pulp mill efﬂuents. Measures to decrease the amount of chlorinated
organic matter in bleached pulp mill efﬂuents can be divided into two broad categories: internal
process measures, which decrease the formation of chlorinated organic matter, and external
tre
atm
ent
mea
sur
es,
wh
ic
h r
em
ov
e o
r d
est
roy
chl
ori
nat
ed
org
ani
c m
att
er.
Internal process measures such as oxygen delignification and substantial chlorine dioxide
subst
ituti
on, a
re al
ready
pract
iced
exten
sivel
y in
some
count
ries,
and
are b
ecom
ing
more
acce
pted
in No
rth
Amer
ica.
Exte
nded
delig
nific
ation
is al
so be
ing
impl
emen
ted
in mi
lls a
roun
d the
world
.
Pret
reat
ment
s for
impr
oved
selec
tivit
y in
oxyg
en d
elign
iﬁcat
ion a
re be
ing e
xami
ned.
The
Pren
ox
NOz
—Oz
pret
reat
ment
has b
een
studi
ed o
n the
pilot
scale
. A
full-
scale
Pren
ox p
lant
woul
d co
st
$20-25 million, in addition to the approximated $12 million or more for an oxygen deligniﬂcation
syste
m. P
retr
eatm
ents
with
other
chem
ical
s, su
ch a
s per
oxid
e an
d chl
orine
, ma
y be
more
readi
ly
accep
ted.
Deli
gniﬁ
cati
on w
ith h
ydro
gen
pero
xide
and
ozon
e ha
s be
en st
udied
but i
s cur
rentl
y too
expensive to be feasible.
Organic solvent pulping (organosolv) has reached the demonstration plant stage. A 30
tonne/day plant is being built in New Brunswick. While perhaps not as versatile or ﬂexible as
kraft pulping, organosolv pulps are made without sulfur, and some can be fully bleached without
chlorine. Small organic solvent pulping plants may be feasible for incremental or limited
production of chemical pulp. Biotechnical pulping and bleaching with enzymes and fungi is being
widely investigated, but is still in the laboratory stage.
Interest in the efﬂuent-free or closed—cycle mill is returning. The Scandinavians have been
studying the feasibility of such a concept in the light of new technology. NCASI in the USA is
managing funds for closed-cycle research. Chlorine-free bleaching of kraft pulp remains in the
laboratory stage, as the economic production of high-quality bleached kraft pulp cannot be
achieved without chlorine.
Extemal treatment of efﬂuents for removal of colour, toxicity and BOD is widely practiced.
Recent studies have shown that these treatments can also remove chlorinated organic matter.
Activated sludge plants have been shown to be more efficient than aerated lagoons for
organo-chldrine chemical removal, however, both operations continue to be improved. Anaerobic
processes also remove organo-chlorines. Pilot-scale trials, usually in combination with either
aerobic treatment or physical/chemical separation, are being carried out. The use of enzymes and
fungi is also being studied for efﬂuent treatment, on laboratory and pilot-plant scales.
Physical/chemical separation techniques are promising, but are perhaps best combined with
biological treatment. Ultrafiltration is currently being used in two Japanese mills and one Swedish
mill for alkaline ﬁltrate treatment. Treatment of acidic and combined mill efﬂuents is still in the
laboratory stage. The lignin removal process (LRP) adsorbs dissolved organic matter on waste
sludge and ﬁbres. It has passed the pilot plant stage. All external processes, biological or
physical/chemical, produce waste sludge, which must be disposed of in some manner.
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I. INTRODUCTION
Measures to decrease the amount of chlorinated organic matter in bleached pulp mill efﬂuents
can be divided into two broad categories: intemal process measures, which decrease the formation
of chlorinated organic matter, and external treatment measures, which remove or destroy
chlorinated organic matter. This review considers processes and technologies in both categories.
Emphasis will be placed upon research and projects in the initial stages of development, and
full-scale technology not commonly used in North America. Such processes and technology
currently in common use are covered brieﬂy, with references for further information.
For a review of the principles of pulping and bleaching, the reader is directed to the following:
"Handbook for Pulp & Paper Technologists" by GA. Smook (available from the Canadian
Pulp and Paper Association, Sun Life Building, 19th Floor, 1155 Metcalfe Street, Montreal,
Quebec, H3B 4T6, Canada)
"TAPPI 1989 Bleach Plant Operations Seminar Notes" (available from TAPPI Press,
Technology Park/Atlanta, PO. Box 1051 13, Atlanta, Georgia, 30348, USA)
"Kraft Mill Effluents in Ontario" by N. Bonsor, N. McCubbin, and J .B. Sprague, April 1988
(MISA document, available from the Ontario Ministry of the Environment, Toronto, Ontario,
Canada)
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2. INTERNAL PROCESS ALTERNATIVES
Internal process measures can be used to decrease the amount of chlorinated organic matter
which is formed during the bleaching of pulp, either by decreasing the amount
of
non-carbohydrate organic matter (e.g. lignin or pulping liquor carry-over) which enters the bleach
plant with the pulp, or by decreasing the amount of chlorine which is used to bleach the pulp. The
concept of the "closed—cycle" or "efﬂuent-free" bleached pulp mill is also covered in this section.
2.1 Decreased Organic Matter to the thorination Stage
Up to 90% of the chlorinated organic matter formed during the bleaching of pulp is produced
in the chlorination and first extraction stages. This occurrence is a result of the chlorine used to
remove the residual lignin in the pulp. Chlorine is used because it is inexpensive and relatively
selective towards lignin removal, as opposed to cellulose damage. But if less residual lignin enters
the bleach plant with the pulp, then less chlorine will be needed to remove it.
2.1 .1 Extended Deligniﬁcation
Conventional kraft pulping uses sodium hydroxide and sodium sulfide to dissolve the lignin
in and around pulp ﬁbres. This delignification can be carried only so far before unacceptable
daunage to the cellulose occurs. Extended delignification allows the pulping process to remove
more lignin from the pulp, while maintaining acceptable strength properties. This process is
carried out by modifying the concentration profile of the pulping liquor in the digester [1-10].
Extended delignification can be incorporated into new systems, or retro-fitted to some
existing digesters. Three systems are available: Beloit's RDl-I (rapid displacement heating)
[7,8,10,l ll and Sunds’ "cold blow cooking" [12] for batch digesters, and Kamyr’s MCC (modiﬁed
continuous cooking) [13] for continuous digesters.
Extended delignification on a commercial scale is relatively new, but is becoming
increasingly accepted. The capital cost for a new system may be only slightly more than for
conventional pulping, but the cost for retro-ﬁt, when possible at all, is often very high. Because
more organic material is returned to the recovery furnace, mill capacity is often constrained by
boiler limits.
Pekkala, in Finland, is investigating other methods of improving the reactivity of kraft pulp
[14], as well as the concept of extended deligniﬁcation with pulping additives
such
as
anthraquinone or polysulfide [15]. Other researchers are studying the effects of other quinone
additives [l6].
‘
2.1.2 Oxygen Delignification
Oxygen
delignification uses
oxygen
gas,
sodium
hydroxide,
and
high pressure
and
temperature to further delignify the pulp after the digester [17-19]. Again, the aim is to remove as
much lignin as possible before bleaching with chlorine. Oxygen delignification can be performed
at either high consistency (25-30 weight-% dry fibre suspended in water) or medium consistency
(10-12%
fibre).
High
consistency
systems
were
available ﬁrst,
but medium
consistency
is
currently the process of choice.
Oxygen deligniﬁcation can be used to remove approximately 40%
of the lignin in the
‘ unbleached pulp. Around this point, the risk of pulp strength damage increases dramatically. The
filtrate from an oxygen stage is returned to the recovery furnace for chemical recovery and
incineration, which again increases the loading on the boiler, and may limit mill capacity.
 
  
Oxygen delignification is used extensively by Swedish and Japanese mills, but has had
limited acceptance in North America. Only one mill in Canada and 51x mills in the US currently
employ oxygen deligniﬁcation. However, more installations are currently on order. The capital
cost of a medium consistency oxygen delignification system is approxnnately $12 million,
including the necessary extra washers. Retro—fitting oxygen delignification into an existing mill
may be more expensive.
The swedish Pulp and Paper Research Institute (STFI) is advocating a combination of
extended delignification followed by oxygen deligniﬁcation for maximum lignin removal,
optimized to each mill’s needs and furnish ﬁbre characteristics [20]. The use of a
low-temperature, low-pressure oxygen-stage has also been studied [21]. Capital costs are
decreased, but so is delignification efﬁciency. STFI studied an oxygen/ chlorine dioxide/chlorine
(O/D/C), sequence with no washing in between [22]. Delignification was improved slightly but
the ﬁltrate could not be recycled. A Finnish mill tried this sequence and was apparently able to
decrease the chlorine charge slightly, but no details were published.
Various pretreatments are being examined for improving the efficiency or selectivity of
oxygen deligniﬁcation. These will be examined in Sections 2.1.3 and 2.1.4 below.
2.1.3 Prenox -- Pretreatment for Oxygen Deligniﬁcation
Prenox is an acidic pretreatment, using nitrogen dioxide and oxygen before conventional
oxygen deligniﬁcation. The pretreatment improves the selectivity of the subsequent oxygen
stage. Up to 80% of the residual kraft lignin can thus be removed before the chlorination stage
[23—25].
A Prenox pilot plant has been constructed at SCA’s strand kraft mill in Sundsvall, Sweden,
and has been operating for about three years [26]. Studies have been made concerning pulp
strength properties, pulp bleachability, efﬂuent characteristics and NOx emissions [27].
Weyerhaeuser reportedly also has an experimental nitrogen dioxide reactor in- Tacoma,
Washington [28].
The capital costs for a full-scale Prenox system would be quite high, on the order of $20-25
million, on top of the cost of a conventional oxygen deligniﬁcation stage. No commercial
installations have been made, nor are any planned for the immediate future.
Samuelson, who developed the Prenox process, has investigated altemate processes in the
laboratory using nitrogen oxide and nitrogen dioxide, some of which could include recycle an
regeneration of the nitrogen dioxide [29]. :
2.1.4 Other Pretreatments for Oxygen Delignification
Other electrophilic reagents have been studied in the laboratory to improve the efﬁciency of
oxygen delignification. Small charges of chlorine have resulted in signiﬁcant improvements
[30-32]. It has been claimed that if the chlorine charge is kept below 5 kg/tonne pulp, then the
oxygen-stage ﬁltrate can still be safely recycled to the recovery boiler [32]. Pretreatments with
chlorine dioxide, hydrogen peroxide and sulfur dioxide have also shown some synergy with
oxygen deligniﬁcation [32]. Results from ozone pretreatments have beeninconclusive [30,32].
No pilot-plant or full-scale trials have beenconducted using any of these pretreatments.
Siiss and Helmling have been studying an acidic hydrogen peroxide/oxygen pretreatment for
oxygen delignification. A pilot plant was constmcted and a full-scale installation was made in a
bleached sulfite mill in Germany [33]. After some modifications, the process was successfully
applied to [craft pulps in the laboratory [34]. An acidic prewash to remove transition metal ions
will also improve the efficiency of oxygen delignification [35].
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Marcoccia has been investigating the effect of ultra-violet radiation on oxygen deligniﬁcation
[36]. Up to 80% of the residual kraft lignin has been removed in a laboratory oxygen reactor,
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2.1.5 Ozone Delignification
Many researchers have investigated ozone deligniﬁcation, as it is a very strong oxidant
[37
-46
].
How
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Latel
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ents
or pr
oces
s ch
ange
s to
improve the efficiency of ozone delignification. Acid pretreatments have been shown to improve
selectivity [41]. Ozone was also shown to have a smaller effect on pulp strength if applied after
oxygen delignification [39]. Ozone has been an important part of studies into chlorine—free
bleaching [37,47] (see Section 2.6).
Several ozone delignification pilot plants were constructed in the last decade. Laboratory
investigations continue, but the author is unaware of any pilot plants currently in operation.
2.1.6 Hydrogen Peroxide Delignification
Like oxygen, hydrogen peroxide can also be used todelignify pulp [48,49]. However, its
high cost makes it uneconomical for this purpose. Perhaps because of its high cost, hydrogen
peroxide delignification has not been investigated as thoroughly as oxygen delignification. Recent
laboratory investigations have studied the inﬂuence of metal ions and catalysts [50] and the effect
of lignin demethylation [51].
2.1.7 Alternative Pulping Chemicals and Processes
Sulﬁte pulping is much older than kraft pulping. Sulfite pulps are more easily bleached than
kraft pulps, but have poorer strength properties. Sulﬁte mills also discharge more sulfur than kraft
mills. Replacement of kraft with sulﬁte-AQ (anthraquinone) pulping would require a large capital
expenditure for conversion of the recovery furnace and a new liquor-recovery cycle. However,
laboratory research continues to investigate methods to improve sulﬁte-AQ pulping [52,53].
STFI in Sweden has developed a new two-stage pulping process called MSS-AQ
(mini-sulfide sulfite-anthraquinone) [54,55]. MSS-AQ pulp is apparently as strong as or stronger
than kraft pulp, combines well with oxygen deligniﬁcation, and can be easily bleached to 90%
brightness. Development is still in the laboratory stage.
2.2 Organic'Solvent Pulpin'g
The past few years have seen a surge of interest in the use of organic solvents such as
alcohol, phenol or acid esters, for separating lignin from pulp ﬁbres [56-61]. Proponents of
"organosolv" pulping point out that these processes use no sulfur, and that many organosolv pulps
are easily bleached to full brightness without chlorine. Some solvent pulping processes have a
higher pulp yield than the kraft process. Organic solvent pulping processes also have a potentially
simpler recovery cycle than the kraft process. With lower capital and production costs, the
economics of smaller-sized organosolv pulp mills are said to be much better than those of kraft or
sulfite mills.
However, several problems must be confronted before solvent pulping becomes more viable.
Efﬁcient spill control and solvent recovery are extremely important because most of the efﬂuents
are very toxic. Many processes are species dependent; they can be used only on hardwoods or
low-density woods. As well, many of the estimates of favourable economics for organosolv
pulping assume a market, which may not exist, for the sugar and lignin by-products, . It has been
suggested that the most likely future for organosolv pulps is in the addition of incremental or
limited production of hardwood chemical pulps [61]. Alcohol is probably the most feasible
organosolv pulping chemical.
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2.4 Modiﬁcations to the Chlorination Stage
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2.4.2 Decreased Charge of Chlorine
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 2.4.3 Low-Multiple Bleaching
Low-multiple bleaching involves using a smaller charge of elemental chlorine in the first
stage, and compensating with reinforced extraction stages and higher charges of chlorine dioxide
in the brightening stages [85]. Low-multiple bleaching has been tested in the laboratory and on '
the mill-scale. In mill trials in Sweden, low-multiple bleaching was found to be equivalent in cost
to
50
%
ch
lo
ri
ne
di
ox
id
e s
ub
st
it
ut
io
n [
85]
.
»
2.4.4 Additives
Researchers at PAPRICAN recently discovered unchlorinated dibenzofurans in certain
oil-based defoamers used in pulp bleaching [95]. These precursors led to the formation of
2,3,7,8-TCDF in the chlorination stage. No dibenzodioxin precursors could be detected in the
defoamers. TCDF (and possibly TCDD) levels can therefore be decreased by replacing these
defoamers.
2.5 The Closed Cycle M111
A "closed-cycle" bleached kraft pulp mill was constructed in Thunder Bay, Ontario, based on
the Rapson-Reeve process, whereby bleach plant filtrates are recycled to the pulp mill. Organic
matter in the filtrates was incinerated in the recovery furnace, and sodium chloride was recovered.
The mill started up in 1976, but never operated at full closure.
The closed-cycle process was abandoned in the mid-80s due to high operating costs and
problems with corrosion and bleach plant and recovery plant operations. Details of the
Rapson-Reeve process and the closed-cycle mill can be found in Reeve, 1984 [96] and the
references contained therein. In 1984, Reeve outlined some of the problems which needed to be
solved in order to improve mill closure [96]. NCASI calculated the additional operating cost of
the closed-cycle mill to be $5.99 per air-dry ton of pulp, in 1979 US dollars [97]. Researchers at
the University of Toronto intend to examine the feasibility of the closed-cycle mill in light of new
technology.
A Swedish kraft mill currently recycles a portion of its extraction-stage ﬁltrate to the
recovery furnace [87]. No chloride build-up or corrosion problems have been found.
STFI and Alby Klorat have developed a process for converting white liquor for pulping into
sulfur-free alkali, which would help to achieve chemical balance in a closed kraft mill [98].
Dorica and co-workers at PAPRICAN have studied the use of ultrafiltration and reverse
osmosis to recycle filtrates to the bleach plant [99] (see Section 2.2.1). Laboratory work and
computer simulations suggested that the cost would be higher than that of the Rapson-Reeve
process.
For the past three years, an inter-Nordic team of scientists from STFI in Sweden, KCL in
Finland, and PFI in Norway have been studying the feasibility of the closed-cycle, efﬂuent-free
mill concept. The study has been completed and will not be continued. Research at STFI will
continue to investigate technical details regarding bleach plant and mill closure [100]. The first
Englishdanguage report is scheduled to be presented at the TAPPI 1989 Pulping Conference.
The National Council of the Paper Industry for Air and Stream Improvement (NCASI) is
currently managing research funds for closed-cycle and in-plant technologies for wastewater
treatment, and has made an extensive review and analysis of the literature [97,101,102]. They
have identiﬁed eleven areas for study [102].
2.6 thgrine—Free Bleachmg
Liebergott at PAPRICAN has been studying chlorine-free bleaching for many years, using
oxygen (0), ozone (Z), sodium hydroxide (E), hydrogen peroxide (P) and sodium hydrosulfite
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 (Y) [37], Softwood kraft pulps were bleached in the laboratory to full brightness using OZEPY
and
ZOZWPY
sequences
(where
Z
W
=
wash
with
ozone-stage
efﬂuent).
The
strength properties
of these pulps were comparable to conventional pulps. Laboratory work continues on hardwood
pulps.
Finn
ish
resea
rcher
s ha
ve p
rodu
ced
fully
-blea
ched
hard
wood
pulp
from
wood
chips
in th
e
labo
rato
ry,
with
out
the
use
of c
hlor
ine
or s
ulfu
r, u
sing
a pe
roxy
acid
/alk
alin
e pe
roxi
de p
ulpi
ng a
nd
blea
chin
g s
eque
nce
[62,
63,6
5].
The
stre
ngth
prop
erti
es o
f th
e pu
lp w
ere
comp
arab
le
to k
raft
pulp
s.
Man
y p
robl
ems
rema
in w
ith
rega
rd t
o ec
ono
mic
s an
d ch
emic
al r
egen
erat
ion,
as w
ell
as
tec
hno
log
y f
or c
arr
yin
g o
ut
the
pro
ces
s o
n a
lar
ger
, c
ont
inu
ous
sca
le.
Nor
weg
ian
rese
arch
ers
have
blea
ched
sulfi
te a
nd h
ard
woo
d kr
aft
pulp
s to
high
brig
htne
ss
with
out
mole
cula
r ch
lori
ne (
C12)
[47]
. O
xyg
en
and
ozon
e we
re u
sed
in p
lace
of c
hlor
inat
ion
and
chlorine dioxide and hydrogen peroxide were used for brightening.
Lachenal and co-workers have been studying bleaching to full brightness with verysmall .
charges of chlorine [103]. Chlorine dioxide was used for brightening. They have also produced
semi-bleached pulp with oxygen and hydrogen peroxide only [35].
Researchers at PAPRICAN are examining in-situ electrochemical bleaching of pulp without
the use of chlorine [104].
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 3. EXTERNAL PROCESS ALTERNATIVES
External process measures can be used to decrease the amount of chlorinated organic matter
whic
h is
disc
harg
ed f
rom
blea
ched
pulp
mills
, eit
her b
y re
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ng t
he ma
teria
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om t
he ef
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t
for d
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al,
furth
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dechl
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ting
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m.
3.1 Biological Efﬂuent Treatment
The two mostwell-known types of biological treatment are aerated lagoons and activated
slud
ge pl
ants.
Thes
e ae
robic
treat
ments
are a
lread
y wel
l—de
velo
ped.
Almo
st al
l pul
p mil
ls in
the
Unit
ed S
tates
have
biolo
gical
treat
ment,
most
ly a
erate
d la
goons
. Ae
rate
d la
goon
s are
curre
ntly
used
by m
any
mill
s in
non-
coas
tal
Brit
ish
Col
umb
ia
and
thre
e mi
lls
in E
aste
rn C
anad
a.
The
re a
re
seve
n or
eigh
t ac
tiva
ted
slud
ge p
lant
s an
d th
ree
aera
ted
lago
ons
at b
leac
hed
kraf
t pu
lp m
ills
in
Finl
and
[105
].
The
re a
re a
ppro
xima
tely
nine
aera
ted
lago
ons
at b
leac
hed
and
unbl
each
ed k
raft
pulp
mill
s in
Swe
den
[54]
. M
ost
aero
bic
biol
ogic
al t
reat
ment
s we
re d
esig
ned
to d
ecre
ase
BOD
,
and
have
not
yet
been
opti
mize
d fo
r or
gano
chlo
rine
remo
val.
How
eve
r, a
naer
obic
proc
esse
s an
d
enz
yme
s a
nd f
ungi
can
also
be u
sed
to t
reat
efﬂu
ent
for
orga
noch
lori
ne.
Som
e re
sear
cher
s ha
ve
sugg
este
d c
ombi
ning
biolo
gical
treat
ment
with
phys
ical
/che
mica
l pr
ocess
es.
A r
evie
w of
biological effluent treatment is presented in Bowman e101,, 1988 [106].
3.1.1 Aerated Lagoon Treatment
Aerated lagoons have long been used for the removal of BOD and suspended solids. Recent
work
has
inves
tigat
ed th
e eff
icien
cy of
these
lago
ons
for o
rgan
ochl
orin
e re
mova
l [10
7-1 1
0]. A
OX
reductions of 25-50% are typically reported. Bryant and Amy have speculated that dechlorination
occurs under anaerobic conditions in the benthal layer, in addition to aerobic degradation in the
lagoon. The mechanisms of organochlon'ne removal are being studied, with the aim of improving
the efficiency of aerated lagoons.
In a typical lagoon, the biomass settles and is not recirculated. Recent Swedish work has
studied the effect of biomass recirculation on a laboratory scale. with the result that AOX removal
was improved by about 10% [106].
3.1.2 Activated Sludge Treatment
Activated sludge plants use biomass under aerobic conditions to treat efﬂuents. After
treatment, most of the biomass is recycled, while a small fraction is disposed of. Organisms are
thus retained in the system. Activated sludge plants are often favoured over aerated lagoons
because of their compact size and more uniform reduction of BOD [106]. More efficient removal
of organically—bound chlorine, from 40-65%, has also been reported [106,111].
Most of the current research on optimizing and improving activated sludge systems is being
done in Finland. Researchers have studied the modiﬁcation of activated sludge plants modified by
the addition of further biological treatment for enhanced efficiency [112].
3.1.3 Anaerobic Treatment
At the present time, anaerobic treatment is mainly being applied to mechanical or
semi-chemical pulp mill efﬂuents. Advantages of anaerobic treatment include low energy and
nutrient requirements, production of bio-gas for fuel, and low production of excess sludge [106].
In 1987, Paques reported the construction of ﬁve demonstration anaerobic pilot plants at
Canadian mills [113]. The mills were not identiﬁed, but were not bleached chemical pulp mills.
BOD removals of 90% or better were reported. Consolidated-Bathurst recently reported anaerobic
15
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[1
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].
T
h
e
an
ae
ro
bi
c
tr
ea
tm
en
t
is
fo
ll
ow
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an
ac
ti
va
te
d
sl
ud
ge
pl
an
t
fo
r
ae
ro
bi
c
po
li
sh
in
g
an
d
ha
nd
li
ng
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ts
.
Bl
ea
ch
ed
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pu
lp
ef
fl
ue
nt
s
ha
ve
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ov
en
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ff
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t
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tr
ea
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bi
ca
ll
y.
Th
ey
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e
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n
to
o
di
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te
,
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d
so
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ti
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s
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o
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xi
c
fo
r
th
e
an
ae
ro
bi
c
mi
cr
o-
or
ga
ni
sm
s
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06
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16
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An
ae
ro
bi
c
de
gr
ad
at
io
n
of
ch
lo
ri
na
te
d
so
lv
en
ts
an
d
ch
lo
ri
na
te
d
ph
en
ol
ic
co
mp
ou
nd
s
ha
s
be
en
reported [117-120].
An
ae
ro
bi
c
tr
ea
tm
en
t
of
bl
ea
ch
ed
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lf
it
e
ef
ﬂu
en
t
in
Ge
rm
an
y
wa
s
no
t
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ry
su
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es
sf
ul
[1
21
].
Ho
we
ve
r,
ST
FI
ha
s
ha
d
su
cc
es
s
wi
th
an
ae
ro
bi
c
tr
ea
tm
en
t
af
te
r
ul
tr
aﬁ
lt
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ti
on
to
re
mo
ve
hi
gh
mo
le
cu
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r
we
ig
ht
ma
te
ri
al
,
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d
ar
e
te
st
in
g
th
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co
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in
at
io
n
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a
pi
lo
t-
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al
e
at
a
Sw
ed
is
h
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ea
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ed
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af
t
pu
lp
mi
ll
[1
06
,1
17
].
A
tw
o-
st
ag
e
an
ae
ro
bi
c-
ae
ro
bi
c
sy
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fo
r
th
e
tr
ea
tm
en
t
of
pu
lp
an
d
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pe
r
mi
ll
ef
ﬂu
en
ts
wa
s
de
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d
in
Fi
nl
an
d,
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ll
ed
th
e
En
so
-F
en
ox
pr
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es
s
[1
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,1
20
].
De
to
xi
ﬁc
at
io
n
an
d
pa
rt
ia
l
de
ch
lo
ri
na
ti
on
ta
ke
s
pl
ac
e
in
th
e
an
ae
ro
bi
c
ph
as
e,
wh
il
e
B
O
D
re
mo
va
l
ta
ke
s
pl
ac
e
in
th
e
ae
ro
bi
c
ph
as
e.
Tw
o
fu
ll
-s
ca
le
pl
an
ts
we
re
co
ns
tr
uc
te
d
in
Fi
nl
an
d.
On
e
pl
an
t
re
po
rt
ed
70
-9
0%
re
mo
va
l
of
ch
lo
ri
na
te
d
ph
en
ol
ic
co
mp
ou
nd
s,
20
-3
0%
re
du
ct
io
n
in
or
ga
ni
ca
ll
y-
bo
un
d
ch
lo
ri
ne
,
an
d
al
mo
st
no
toxicity after the treatment [106].
In
Ne
w
Ze
al
an
d,
an
ac
ti
va
te
d
ca
rb
on
pa
ck
ed
bi
or
ea
ct
or
wa
s
us
ed
to
de
co
lo
ri
ze
extraction-stage efﬂuent [122].
3.1.4 Enzymes and Fungi
Wh
it
e-
ro
t
fu
ng
i
ha
ve
be
en
sh
ow
n
to
de
gr
ad
e
kr
af
t
li
gn
in
an
d
ch
lo
ri
na
te
d
li
gn
in
ma
te
ri
al
[1
06
].
In
th
e
US
A,
th
e
"M
yC
oR
"
pr
oc
es
s
ha
s
be
en
pa
te
nt
ed
fo
r
th
e
re
mo
va
l
of
co
lo
ur
an
d
th
e
de
gr
ad
at
io
n
of
ch
lo
ri
na
te
d
or
ga
ni
c
co
mp
ou
nd
s
in
bl
ea
ch
pl
an
t
ef
ﬂu
en
ts
[1
23
-1
25
].
A
pil
ot-
sca
le
re
ac
to
r
ha
s
be
en
bui
lt.
Th
e
pr
oc
es
s
us
es
a
ﬁx
ed
ﬁl
m
re
ac
to
r
an
d
ca
n
re
mo
ve
ab
ou
t
80
%
of
th
e
co
lo
ur
an
d
70
%
of
th
e
or
ga
ni
ca
ll
y-
bo
un
d
ch
lo
ri
ne
fr
om
th
e
ef
ﬂu
en
t.
Ho
we
ve
r,
it
ha
s
be
en
su
gg
es
te
d
tha
t
th
e
la
rg
e
am
ou
nt
of
su
ga
r
re
qu
ir
ed
fo
r e
ne
rg
y
an
d
hy
dr
og
en
pr
od
uc
ti
on
in
thi
s
or
an
y
ot
he
r
wh
it
e-
ro
t
fu
ng
i p
ro
ce
ss
wo
ul
d
ma
ke
it
un
ec
on
om
ic
al
[1
06
].
A
re
ci
rc
ul
at
in
g f
un
ga
l
bi
om
as
s
re
ac
to
r h
as
re
ce
nt
ly
be
en
te
st
ed
at
a S
we
di
sh
pu
lp
mi
ll
[1
06
].
In
the
lab
ora
tor
y,
the
fun
gal
my
ce
li
um
de
gr
ad
ed
chl
ori
nat
ed
or
ga
ni
c
co
mp
ou
nd
s
mu
ch
mo
re
eff
ect
ive
ly
th
an
bac
ter
ia
in
a
sim
ila
r
aer
obi
c
sit
uat
ion
.
Co
mb
in
ed
wi
th
ult
raﬁ
ltr
ati
on,
70
%
red
uct
ion
of
AO
X
wa
s
ach
iev
ed
[10
6,1
17,
126
].
Ho
we
ve
r,
in
the
pil
ot
pla
nt
tri
als
eff
ect
ive
sep
ara
tio
n a
nd
rec
irc
ula
tio
n w
as
dif
ﬁcu
lt,
an
d t
he
hi
gh
re
mo
va
l
ef
ﬁc
ie
nc
y
se
en
in
the
lab
ora
tor
y
co
ul
d
not
be
ac
hi
ev
ed
[10
6].
Th
e
co
mb
in
ed
cos
t
of
ult
raﬁ
ltr
ati
on
an
d
fu
ng
al
tr
ea
tm
en
t
wa
s
es
ti
ma
te
d t
o b
e U
S$
7-
10
pe
r t
on
ne
of
pul
p.
Fin
nis
h a
nd
Swi
ss
res
ear
che
rs
are
als
o i
nve
sti
gat
ing
the
use
of
lig
nin
-de
gra
din
g e
nz
ym
es
for
ef
ﬂu
en
t
tr
ea
tm
en
t
[1
27
-1
29
].
In
the
lab
ora
tor
y,
up
to
90
%
re
du
ct
io
n
in
chl
ori
nat
ed
ph
en
ol
ic
co
mp
ou
nd
s
ha
s b
ee
n
ac
hi
ev
ed
.
'
3.2 Physicallghemical Separation
Sep
ara
tio
n t
ech
nol
ogy
can
be
app
lie
d to
phy
sic
all
y r
emo
ve
mat
eri
al
fro
m t
he
pro
ces
s s
tre
am,
by
tec
hno
log
y s
uch
as
ult
raﬁ
ltr
ati
on,
or
by
sur
fac
e c
hem
ica
l a
dso
rpt
ion
or
che
mic
al
pre
cip
ita
tio
n.
Mos
t s
yst
ems
wer
e o
rig
ina
lly
des
ign
ed
for
rem
ova
l o
f c
olo
ur.
Usu
all
y t
he
con
cen
tra
te
or
ads
orb
ed
mat
eri
al
mus
t b
e t
rea
ted
fur
the
r o
r d
isp
ose
d o
f.
It
is
als
o o
fte
n r
ec
om
me
nd
ed
tha
t t
he
filt
rate
and/or the concentrate be treated biologically.
3.2.1 Ultraﬁltration, Reverse Osmosis and Ion Exchange
.
Efﬂ
uen
t t
rea
tme
nt
by
ult
raﬁ
ltr
ati
on
is b
ein
g s
tud
ied
in
Sw
ed
en
and
Can
ada
.
Tw
o J
apa
nes
e
mil
ls
and
one
Swe
dis
h m
ill
cur
ren
tly
use
ult
raﬁ
ltr
ati
on
to
tre
at
ext
rac
tio
n-s
tag
e e
fﬂu
ent
s [
130
].
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Ultrafdtration removes high molecular weight material such as resins and large lignin fragments.
In Japan, the concentrates are evaporated and incinerated in the recovery fumace, for a mill-wide
COD reduction of 25-30% [54]. BOD reduction is poor. It has been suggested that ultrafiltration
be followed by biological treatment of the filtrate.
Results and cost estimates of ultrafiltration vary widely. In France. a one-year mill trial of
ultraﬁltration of El-stage filtrate was carried out [131]. A 65% reduction in COD and 40%
reduction in BOD was reported, at an estimated cost of US$185,000/year (in 1981 dollars). A
similar pilot-plant trial in Canada in 1986 removed 60% of the COD and 44% of the BOD, with
only
a mar
gina
l re
ducti
on in
fish
toxic
ity,
at an
esti
mate
d cos
t of
Cdn$
620,
000/
year
[132]
. A
1980
study
esti
mate
d th
e co
st of
E1 u
ltraf
iltra
tion
to be
US$5
.50
per
tonn
e of
pulp
prod
uced
[133]
.
Jonsson has recently estimated the cost of E1 ultrafiltration to be Cdn$5.00/tonne pulp [130].
Rese
arch
at PA
PRI
CAN
studi
ed th
e use
of ul
trafd
trati
on an
d rev
erse
osmo
sis
for b
leac
h pla
nt
closu
re a
nd ﬁ
ltrat
e re
cycle
[99].
Ultra
filtm
tion
was
used
for c
olou
r an
d or
ganic
s re
mova
l, a
nd
rever
se o
smos
is f
or ch
lorid
e re
mova
l. D
iafil
trati
on w
as u
sed
to se
parat
e th
e chl
oride
s fr
om t
he
conce
ntrat
es.
The
cost
of th
ese
treat
ments
was
very
high--
capit
al co
sts o
f $2
0-40
milli
on a
nd
operating costs of $12-16 per ton of pulp were estimated.
The treatment of chlorination stage efﬂuent by ultrafiltration continues to be a major problem
because of the smaller average molecular weight of the dissolved C—stage material. Jonsson in
Sweden has worked to improve E-stage ultraﬁltration and continues to study improved
ultrafiltration efficiency and organochlorine removal from the total mill effluent [130,134,135].
Ion-exchange resins for efﬂuent treatment have also been examined. In 1980,
Bille
rud—U
ddeho
lm bu
ilt a
"non-p
olluti
ng" b
leach
plant
in Sw
eden,
using
ion-e
xchan
ge/so
rptio
n
resin
to tre
at the
chlori
nation
and f
irst e
xtract
ion s
tage
efﬂue
nts [
136,13
7]. T
he sy
stem
was
aband
oned
in fav
our o
f sec
ondar
y tre
atment
in 19
87, d
ue to
poor
remov
al ef
ficien
cies a
nd sh
ort
resin
life.
NCAS
I cal
culate
d the
additi
onal o
perat
ing c
ost of
the Bi
lleru
d-Udd
eholm
mill t
o be
between $7.75 and $10.25 per ton of pulp, in 1981 US dollars [97].
3.2.2 Surface-Chemical Adsorption
The LRP Process (Lignin Removal Process) uses waste sludge and ﬁbres to adsorb organic
matte
r [13
8,139]
. It
was d
esign
ed as
a pre
treat
ment
step
befor
e bio
logica
l and
/or m
echan
ical
treatment, but could be used on its own.
LRP removes mostly high-molecular weight material. but also removes chlorinated phenolic
compounds, resin and fatty acids. In pilot-plant trials, the LRP process decreased AOX discharge
by 30-60%. The clariﬁed efﬂuent can then proceed to biological treatment. Some LRP sludge is
recycled, while the remainder must be disposed of.
The LRP process has passed the pilot-plant stage, and is currently looking for its first
commercial installation. A full-scale plant would require a $500,000 investment and
approximately $350,000 per year in operating costs.
Sierka and Bryant have also studied the use of powdered activated carbon (PAC) to remove
TOC and organochlorine before treatment in an aerated lagoon [140,141]. When the PAC is
treated with UV-activated ozone, total AOX removal is double that of an aerated lagoon alone.
3.2.3 Chemical Precipitation
Removal of material by chemical precipitation can be very effective, but the chemical costs
are often extremely expensive. In England, Webb has investigated the use of various chemicals
17
 for t
he re
mova
l of
diss
olve
d org
anic
mater
ial [
142].
The
most
effec
tive
chem
ical
s we
re in
organ
ics
such
as a
lum,
ferr
ic s
ulfa
te a
nd b
ento
nite
. T
he
trea
tmen
t co
st w
as
esti
mate
d to
be f
rom
520
-10
00
pe
r
to
nn
e
of
C
O
D
re
mo
ve
d.
Finn
ish r
esear
chers
have
state
d tha
t che
mica
l tre
atme
nt c
an b
e les
s cos
tly t
han
bio-t
reatm
ent
if t
he
mil
l a
lre
ady
has
a cl
arif
ier,
has
low
efﬂ
uen
t v
olu
mes
, a
nd
can
kee
p t
he
che
mic
al
cha
rge
low
[143
].
In
test
s. c
hem
ica
l p
reci
pita
tion
was
not
as e
ffec
tive
as
bio
-tr
eat
men
t.
The
two
cou
ld
be
combined in series.
A
mil
l
in
Lou
isi
ana
use
s
org
ani
c p
oly
ele
ctr
oly
tes
as
coa
gul
ant
s,
fol
low
ed
by
ﬂot
ati
on
sep
ara
tio
n,
to
rem
ove
col
our
fro
m i
ts
efﬂ
uen
t [
144
].
Bio
log
ica
l i
mpr
ove
men
ts
m
the
rec
rpi
ent
have been noted. '
In a
thre
e-mo
nth
pilo
t tri
al, G
erm
an r
esea
rche
rs u
sed
poly
imin
es t
o pr
ecip
itat
e or
gani
c ma
tter
from the chlorination and extraction stages of a sulﬁte pulp mill [145]. The precipitates were then
degraded with enzymes and fungi. »
A continuous activated carbon decolorization process has been developed, whereby coloured
material is adsorbed and concentrated, then desorbed and disposed of [146]. The sorbent is then
regenerated. No full-scale systems have been installed.
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